Mutual ornamentation (i.e. the expression of secondary sexual characters) in both sexes is a relatively common but rarely studied phenomenon in the animal kingdom. In the present study, we investigated whether mutual ornamentation is indicative of offspring embryonic survival and predator-avoidance ability in whitefish. We crossed ten randomly selected females and ten randomly selected males in all possible combinations resulting in 100 sib groups, and hypothesized that fitness (measured as offspring survival) of elaborately ornamented parents would be higher in both sexes of whitefish. Parental effects were found in both studied traits: effects of female and female-male interaction were significant for the embryonic mortality, whereas only paternal effect was found for the offspring predator-avoidance ability. As expected, increasing number of the female breeding tubercles was associated with low embryonic mortality, although male ornamentation was not indicative of offspring survival. The present study, together with earlier data, clearly demonstrate that offspring fitness is affected by parental identity, and suggest that mutual ornamentation in this species may indicate the genetic quality of individuals in both sexes.
INTRODUCTION
Secondary sexual characters are often expressed in both sexes but this mutual ornamentation concept has received little attention until recently (Kekäläinen et al., 2010) . Most studies have concentrated on elaborated sexual ornamentation in males, virtually ignoring the potential genetic information content of female ornaments (Amundsen, 2000; Kraaijeveld, Kraaijeveld-Smit & Komdeur, 2007) . Traditionally, female ornamentation was considered to have evolved as a genetically correlated response to selection for male ornaments (Lande, 1980) . However, there is growing empirical evidence for the presence of direct sexual selection by males and also female reproductive competition (Amundsen, 2000; Kraaijeveld et al., 2007; Clutton-Brock, 2009; Watson & Simmons, 2010) . Hence, to understand the selective mechanisms thoroughly, female ornaments should also be examined for their effect on male selection, as well as their relationships with female and offspring quality (Weiss, Kennedy & Bernhard, 2009) . Moreover, recent studies have indeed revealed that female ornaments can predict offspring quality (Weiss et al., 2009; Kekäläinen et al., 2010) . Thus, further research is clearly needed for a comprehensive understanding of the signalling function of female ornamentation.
If female ornaments are energetically costly, they may lead to selection for dishonest signalling from a male's point of view (Funk & Tallamy, 2000; Bonduriansky, 2001 ). This is because the resources allocated to ornamentation may constrain female fecundity (Fitzpatrick, Berglund & Rosenqvist, 1995; LeBas, Hockham & Ritchie, 2003; Chenoweth, Doughty & Kokko, 2006; Nordeide, Rudolfsen & Egeland, 2006) . Despite this kind of trade-off, females can be expected to invest in secondary sexual characters if the fitness benefits of investing in both ornamentation and offspring exceed the fitness benefits of the strategy where female invest only to offspring (no ornamentation). This would mean that ornamented females might sacrifice part of their fecundity if some other fitness component, such as higher success in sexual selection by males, compensates their reduced fecundity. However, this trade-off may be present only if sexual ornaments are energetically or otherwise costly to produce (Janhunen et al., 2011) . Not all honest ornaments are energetically costly because some other mechanisms can also maintain the reliability of signalling (Berglund, Rosenqvist & Bernet, 1997; Maynard Smith & Harper, 2003) . For example, melanin ornamentation can be regarded as energetically cheap (Fox, 1976) but socially costly because the reliability of melanin-based status signals is continually tested by competitors (Berglund, Bisazza & Pilastro, 1996; Tarof, Dunn & Whittingham, 2005) .
The genetic quality of an organism can be defined by two components: good genes and compatible genes (Neff & Pitcher, 2005) . Good genes increase offspring fitness regardless of the structure of the remaining genome (i.e. they indicate additive genetic variation in fitness), whereas compatible genes increase fitness only in a specific genotype (i.e. they indicate nonadditive genetic variation) (Neff & Pitcher, 2005) . According to the good gene models, mate choice for good genes involves a secondary sexual character on the basis of which all individuals prefer the same highly ornamented mates (Neff & Pitcher, 2005) . Choice for compatible genes, on the other hand, does not involve a secondary sexual character but individuals try to detect the best mate by direct assessment, and individuals differ in their mate preference. Despite this apparent difference in the mating pattern, the benefits of good genes and compatible genes are not mutually exclusive (Puurtinen, Ketola & Kotiaho, 2009) .
Offspring mortality during embryonic and larval period of many aquatic organisms is extremely high. In fishes, for example, this early mortality commonly exceeds 90%. During embryogenesis, the mortality can usually be attributed to developmental disorders or pathogen infections (Wedekind, Müller & Spicher, 2001) , whereas, after hatching, starvation and predation are generally the most important causes of mortality (Miller et al., 1988) . It has been shown that male ornamentation in fish can predict offspring embryonic survival during a bacterial epidemic (Wedekind et al., 2001) and also indicate offspring first-feeding success (Huuskonen, Haakana & Kekäläinen, 2009) , as well as swimming performance and predator-avoidance ability (Kekäläinen et al., 2010) . All these studies were conducted using several populations of mutually ornamented whitefishes (genus Coregonus) as model species. Although both sexes in whitefishes develop a distinct breeding ornamentation (keratinized epidermal tubercles that are built of apparently inexpensive material) before the spawning period (Wiley & Collette, 1970; Wedekind et al., 2001) , the studies have so far concentrated on the information content of male ornamentation, whereas female ornamentation has received much less attention. In a recent study, however, we found that both female and male ornaments reflect offspring performance in Coregonus lavaretus (Kekäläinen et al., 2010) . As a continuation of our previous work, the present study aimed to investigate whether mutual ornamentation is indicative of offspring embryonic survival and predator-avoidance ability in whitefish. We crossed ten females and ten males in all possible combinations (North Carolina II design; Lynch & Walsh, 1998) , and hypothesized that fitness (measured as offspring survival) of elaborately ornamented parents is higher in both sexes of whitefish.
MATERIAL AND METHODS

ARTIFICIAL BREEDING EXPERIMENT, FERTILIZATION SUCCESS, AND EMBRYONIC SURVIVAL
Parental fish originated from the River Oulujoki (Finland) anadromous whitefish population (65°1′N, 25°28′E). The fish were caught at their spawning grounds in the Merikoski rapids on 22-24 October 2008 using long-handled dip nets and were maintained in single-sex tanks in a hatchery. On 27 October, we stripped eggs from ten randomly selected ready-to-spawn females (mean ± SD total length = 41.4 ± 1.3 cm; Table 1 ) and distributed them into Petri dishes. We collected sperm from ten randomly selected males (mean ± SD total length = 38.8 ± 1.4 cm; Table 1 ) and used 30 mL of milt to fertilize the egg batches (approximately 300 eggs per family) in all possible crosses, resulting in 100 sib groups. All groups were divided into two replicates and the eggs were incubated in containers (35 ¥ 70 ¥ 70 mm) in 600-L cooled and aerated tanks in nonchlorinated tap water at 4°C until hatching in March 2009. Dead eggs were counted and removed weekly during the incubation period. Between 31 October and 7 November, the fertilization rate of each sib group was determined from a random sample of approximately 100 eggs using microscopic examination. By using the fertilization rate, we attained an independent measure of fitness before any mortality of embryos had occurred. To measure the size and number of the breeding tubercles of the parental fish, we made plaster casts immediately after fertilization sensu Wedekind et al. (2001) . Average cast depth (with 0.01 mm accuracy) of ten tubercles in the middle row anterior to anal fin was measured by a dial indicator (Mitutoyo Co.) (Table 1 ). In addition, the number of breeding tubercles on the lateral scales was counted between the base of the pelvic fin and the tip of the adipose fin (Table 1 ). The adipose fin of each fish was clipped and preserved in 96% ethanol for later DNA extraction.
PREDATOR-AVOIDANCE ABILITY
One-year-old Arctic charr (Salvelinus alpinus) were used as a novel predator in the trials. Experimental predator fish were obtained from Keskijärvi fish farm 6 weeks before the trials and maintained in a 360-L aquarium with constant water flow. The fish were fed on commercial dry food (BioMar, Aqualife) using an automated feeding system. In addition, to train the feeding skills of the predators, they were fed on newly-hatched whitefish larvae three to five times a week over 4 weeks before the trials. Larvae originated from the same parental fish as offspring used in actual experimental trials, although the larvae had been incubated in warmer water (at 6°C) to accelerate the embryonic development.
Ten predator-avoidance trials were carried out in newly-hatched whitefish larvae. In the trials, one larva from each sib group (total of 100 larvae) was placed into a 250-L experimental aquarium at a water temperature of 6°C. The aquarium was illuminated by fluorescent lamps. Then three randomly selected Arctic charr (mean ± SD total length = 11.8 ± 1.0 cm) were added to the aquarium. Three observers (one for each fish) followed the predators and counted the number of larvae ingested. The observers sat quiescent by the side of the aquarium. The brightest illumination of the experimental room came from fluorescent lamps above the aquarium leaving the rest of the room darker. This made it more difficult for the fish to detect the observers. The trial was finished when approximately 70 larvae (range 61-80 in different trials) were consumed. This took an average of 25 min (range 16-43 min). Then, the surviving larvae, as well as the predators, were removed from the aquarium and killed in an overdose of tricaine Total DNA was extracted from fin clips of parents or muscles of the offspring with a phenol-chloroform (Taggart et al., 1992) or a silica-based purification method (Elphinstone et al., 2003) after proteinase K digestion. Allelic variation was assessed at ten microsatellite loci: Cocl23 (Bernatchez, 1996) ; Bwf2 (Patton et al., 1997); Cisco-90, Cisco-126 (Turgeon, Estoup & Bernatchez, 1999) ; Cocl-Lav4, Cocl-Lav27 (Rogers, Marchand & Bernatchez, 2004); and ClaTet1, ClaTet3, ClaTet10 and ClaTet18 (Winkler & Weiss, 2008) . Each forward primer was labelled with a fluorescent dye (FAM, HEX or TET), and the 5′-end of each reverse primer was modified with a GTTT-tail to enhance 3′-adenylation (Brownstein, Carpten & Smith, 1996) . Using the Qiagen Multiplex PCR Kit (Qiagen), a polymerase chain reaction (PCR) was performed in a 10-mL reaction volume containing 1 ¥ Qiagen Multiplex PCR Master Mix, 0.5 ¥ QSolution, 2 pmol of each primer and 10-20 ng of template DNA. PCRs for all loci were carried with a cycle comprising: an initial activation step at 95°C for 15 min, followed by 30 s at 94°C, 90 s at 55°C, and 60 s at 72°C for 30 cycles, with a final extension at 60°C for 5 min. PCR products were resolved using a MegaBACE 1000 automated sequencer (Amersham Biosciences) with ET-ROX 550 size standard (Amersham Biosciences). Alleles were scored using Fragment Profiler 1.2 (Amersham Biosciences) with visual inspection and manual corrections of alleles. The parentage of all offspring was analyzed using the above-mentioned ten microsatellite markers with the corrected likelihood equations implemented in the CERVUS, version 3.0 (Kalinowski, Taper & Marshall, 2007) . The simulation parameters utilized were: 20 candidate parents, 100% sampling proportion, 99% proportion loci typed, 1% genotyping error rate, 95% relaxed confidence level, and 100% strict confidence level. The software assigns parentage to the most likely candidates during the evaluation relative to the critical delta score determined in the simulation. The estimators of genetic variability calculated for parents and offspring were: observed number of alleles (A), expected heterozygosity (H E), and inbreeding coefficient (FIS) using FSTAT, version 2.9.3 (Goudet, 2001 ). Significant deviations from HardyWeinberg equilibrium were tested with 10 000 permutations. Sequential Bonferroni corrections were applied to minimize type I errors (Rice, 1989) . In addition, internal relatedness (IR) was calculated for the parental fish using ML-RELATE (Kalinowski, Wagner & Taper, 2006) .
STATISTICAL ANALYSIS
Two-way random effects analysis of variance (ANOVA) was used to analyze the parental effects on fertilization rate and embryonic survival. Percentage values were arcsine-transformed for the analysis. The effects of male and female identity and their interaction on the offspring predator avoidance ability were analyzed by a generalized linear model with binomial probability distribution and logit link function. This approach was chosen because in each single trial a larva belonging to a sib group could be just ingested or not, thus resulting in binomially distributed data. Ordered-heterogeneity tests (OH tests) were used to analyze the effects of male and female breeding ornamentation on offspring traits. OH tests combine the P-value from any one of the many tests of heterogeneity (ANOVA and generalized linear model in the present study) and Spearman's rank correlation coefficient (r s) to produce a broad-application test statistic rsPc, where Pc is the complement of the P-value from the heterogeneity test (Rice & Gaines, 1994; Wedekind et al., 2001 ). In the OH tests, we expected that offspring fitness (i.e. survival and fertilization rate) increases with breeding tubercle size/number of the parents. Pearson's product moment correlation analysis was used to study the relationship between the number and size of the breeding tubercles, and Spearman rank correlation analysis was used to estimate the correlations (r s) between IR of the parents and offspring traits. Statistical analyses were carried out using SPSS, version 17.0 (SPSS Inc.).
RESULTS
Fertilization rate and embryonic mortality in different sib groups varied from 71% to 100% and from 0% to 46%, respectively. The mean fertilization and mortality rates were 95.7% and 12.4%, respectively. A linear regression indicated that the fertilization rate explained 51% of the variation in the embryonic mortality (i.e. many of the eggs that were regarded as dead had actually remained unfertilized). Mortality was highest during the first incubation month when 69% of the total mortality took place. The effects of female as well as female-male interaction on total embryonic mortality were statistically highly significant, whereas the effect of male was nonsignificant (two-way ANOVA: female: F = 28.389, d.f. = 9, P < 0.001; male: F = 0.978, d.f. = 9, P = 0.464; female ¥ male: F = 2.213, d.f. = 81, P < 0.001; Fig. 1) . Similarly, female effect was significant and male effect nonsignificant in the fertilization rate (two-way ANOVA: female: F = 13.403, d.f. = 9, P < 0.001; male: F = 0.737. d.f. = 9, P = 0.674; Fig. 1) . IR of the parents did not correlate with embryonic mortality (rs = -0.009, N = 100, P = 0.931) or fertilization rate (rs = 0.047, N = 100, P = 0.642).
A high number of the female breeding tubercles was associated with low embryonic mortality (OH test: F9, 190 = 39.958 , rsPc = 0.474, P < 0.025) but not with high fertilization rate of the eggs (OH test: F9,90 = 13.764, rsPc = 0.213, P > 0.1). The number of male breeding tubercles was neither associated with embryonic mortality, nor fertilization rate (OH test: P > 0.4 in both cases). Nor did the size of the tubercles in either sex affect embryonic mortality or fertilization rate (OH test: P > 0.2 in all cases). The number and size of the breeding tubercles were positively correlated in both sexes (females: r = 0.709, N = 10, P = 0.022; males: r = 0.758, N = 10, P = 0.011). The body size variation of both females and males was very small (Table 1) , and neither the number, nor the size of the breeding tubercles were correlated with the body size of the fish (P > 0.4 in both sexes). Indices of genetic variation of the parental fish and their offspring are presented in Table 2 . A total of 106 alleles were observed in the parental fish across the ten loci with an average of 10.6 alleles per locus (range = 4-18). Mean heterozygosity was 0.725 in the parental fish and 0.714 in their offspring. There was no evidence for deviations from Hardy-Weinberg equilibrium at any locus after Bonferroni correction (Table 2) . IR between the female and male parents was in the range 0.000-0.170 with a mean of 0.013. Surviving whitefish larvae after the predator avoidance trials were assigned to 90 sib groups using parentage analysis. The number of surviving larvae varied from 0 to 7 (0-70%) in different sib groups. There was a tendency for the number of ingested larvae to decrease with increasing duration of the trial, although this was not statistically significant (r = -0.607, P = 0.063, N = 10). It was common that one or two of the predators ingested most of the larvae, whereas the third ate hardly anything (0-4 larvae). The number of ingested larvae was not dependent on the size of the predator (r = 0.244, P = 0.193, N = 30). There were significant male as well as female ¥ male effects on the survival of larvae, whereas the effect of female was not significant (generalized linear model: male: Wald c 2 = 131.931, d.f. = 9, P < 0.001; female: Wald c 2 = 1.839, d.f. = 9, P = 0.994; female ¥ male: Wald c 2 = 1536.177, d.f. = 80, P < 0.001). The survival rate of the larvae sired by different males varied in the range 15-44%, whereas, in females, the range was much smaller, 18-33% (Fig. 1) . The number or size of male breeding tubercles was not significantly predictive of offspring survival in the predator-avoidance experiment (OHtest: P > 0.05 in both cases). IR of the parents did not correlate with offspring survival (r s = 0.136, N = 100, P = 0.176).
DISCUSSION
The size (height) of the breeding tubercles has previously been used as a measure of ornament elaborateness in whitefish (Wedekind et al., 2001; Huuskonen et al., 2009; Kekäläinen et al., 2010) . Wedekind et al. (2008) , however, reported that the tubercle size was linked to the stage of maturation in both sexes of whitefish, and hence we included another measure (i.e. the number of the tubercles) in the present study. In cyprinid fishes, the number of the tubercles has been used previously as a measure of ornament expression (Kortet & Taskinen, 2004; Jacob et al., 2009 ). An ornament can have several measurable characteristics, and it is possible that they advertise different benefits in sexual selection (Grether, Kolluru & Nersissian, 2004; Weiss et al., 2009) . In the present study, the size and the number of breeding tubercles were positively correlated in both male and female whitefish, suggesting that they may, at least partly, indicate similar aspects of mate quality (back-up signal hypothesis; Candolin, 2003) . Despite this, however, only the number, and not the size, of female breeding tubercles was indicative of embryonic mortality. It is possible that the number is more reliable and/or more easily detected quality indicator than the size. Female tubercles may also (or solely) act as badges of status or weapons in intrasexual contests (Watson & Simmons, 2010) , and hence their expression could differ from those of the males as a result of different selection pressures.
The mutual sexual selection hypothesis predicts that selection for the same ornamental traits in both sexes should result in assortative mating (MacDougall & Montgomerie, 2003; Siefferman & Hill, 2005) . When mutual ornamentation is positively associated with some aspects of individual quality, directional selection for the mutual ornamentation may lead to a situation where both sexes prefer to pair with highly ornamented partners, which would leave less ornamented individuals to pair among themselves (McLain & Boromisa, 1987) . If genetic compatibility, however, plays also a role, it can weaken directional selection on ornamental traits and result in a situation where maximal offspring fitness is obtained by a combination of the benefits of good genes and compatible genes (Colegrave, Kotiaho & Tomkins, 2002; Puurtinen et al., 2009) . In whitefish, recent evidence suggests that selection for both good genes and compatible genes is indeed operating simultaneously (Kekäläinen et al., 2010) . Fertilization is one of the most important biological events, and it involves a complex communication between gametes (Liévano & Darszon, 1998) . Taken this into account, the fertilization rate is surprisingly rarely determined in studies on embryonic mortality. It may be difficult to distinguish unfertilized eggs from fertilized ones at the very beginning of embryonic development (Wedekind et al., 2008) , although it is important because unfertilized eggs turn opaque (i.e. look similar to dead ones) only after an incubation period of 2-3 weeks at the temperature of the present study (Huuskonen H. & Koho J., unpubl. data) . We found a significant female effect on the fertilization rate of whitefish eggs, whereas the effect of male was nonsignificant. Unfortunately, the female ¥ male interaction could not be analyzed because no replicates could be used in the determination of fertilization rate as a result of limited number of eggs. Despite a significant female effect on the fertilization rate, their breeding ornamentation did not signal fertilization success. This may indicate that compatible genes have a larger impact on the fertilization success than good genes.
The male ornamentation did not predict embryonic mortality in the present study. This contradicts the results reported by Wedekind et al. (2001) who found that the size of male breeding tubercles indicated the level of embryonic mortality during the latter half of the incubation period in whitefish. Wedekind et al. (2001) , however, were able to connect this late mortality to bacterial infection (eggs incubated in lake water). In the present study, no signs of bacterial infection were observed in eggs incubated in tap water, and late mortality was overall very low. Hence, male ornamentation may signal offspring resistance to epidemic mortality (Wedekind et al., 2001) . In addition, the results obtained in several studies of male ornamentation and embryonic mortality in whitefish are not consistent, and thus the exact signalling function of breeding tubercles remains unclear (Wedekind et al., 2008) . It appears that, in the case of whitefish, different genotypes are superior under different conditions (e.g. in the presence/absence of pathogens).
Thus, offspring fitness may be strongly dependent on a genotype-by-environment interactions (DanielsonFrançois, Kelly & Greenfield, 2006) . In addition, the interaction between females and males observed in the present and earlier studies suggests that genetic compatibility effects may weaken the indicator value of the ornamentation (Kekäläinen et al., 2010) .
A previous study using five microsatellite markers showed that genetic variability of the anadromous whitefish from the River Oulujoki is high (Säisä et al., 2008) . Similarly, the results obtained in the present study demonstrate a high degree of genetic variability in this population at ten microsatellite loci, which were sufficiently informative to conduct a parentage analysis. Predation trials revealed a significant paternal effect in the predator-avoidance ability of the larvae, with the survival rate of the offspring sired by the best male being almost three-fold compared to that of the poorest male. Paternal effects on offspring behavioural traits in whitefish have been observed in first-feeding success (Huuskonen et al., 2009 ) and swimming performance (Kekäläinen et al., 2010) . However, no connection between the intensity of male breeding ornamentation and offspring predator-avoidance ability was detected in the present study. In an earlier study with the same parental fish, we found that highly ornamented females and males, as well as their parental combinations, produced offspring with a better swimming performance and predator-avoidance ability than less ornamented individuals or combinations (Kekäläinen et al., 2010) . The experimental design differed between the studies so that, in a study by Kekäläinen et al. (2010) , the predator avoidance results were based on smaller number of families (N = 20). Furthermore, only three larvae representing the same family were exposed to predation at a time in much smaller water volume. It can be argued that the present study examined mainly predator avoidance behaviour (i.e. behaviour that reduces the predator encounter probability), whereas the study by Kekäläinen et al. (2010) concentrated on predator evasion capacity (i.e. behaviour aiming to reduce predator capture success; Fuiman & Magurran, 1994) . Hence, it is possible that breeding ornamentation in whitefish indicates larval general physiological performance rather than other antipredator behaviour. Taken together, however, these studies clearly demonstrate that offspring fitness is affected by parental identity, and suggest that mutual ornamentation in this species may indicate the genetic quality of the individuals in both sexes.
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